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METHOD AND APPARATUS FOR TIME-BASED 
DC MOTOR COMMUTATION 

BACKGROUND 

[0001] The present invention generally relates to motor control and particularly relates to 
speed and positioning control of brushless servomotors. 

[0002] Brushless servomotors use electronic commutation of phase currents rather than 
electromechanical (brushes) commutation. Such motors generally have a permanent magnet 
rotor and a wound stator, and commutation is a function of rotor position. 
[0003] Commutation refers to actively steering currents or voltages to the proper motor 
phases at the proper times, and is done electromechanically in brush motors via brushes and a 
commutator. In brushless motors, however, switching electronics perform motor commutation 
using rotor position information as indicated by a motor feedback signal. Such feedback signals 
usually are generated by Hall effect sensors responsive to the motor magnets, or by sensing 
motor-induced voltages, or by sensing encoder pulses, etc. 

[0004] A number of disadvantages arise in such contexts. For example, the speed control 
resolution of Hall sensor feedback typically is poor. Generally, the angular resolution and 
accuracy for Hall sensor feedback is no better than the pole/magnet count of the motor and the 
positioning accuracy of the Hall sensors. Further, speed control based on sensing induced 
voltages, while offering potential cost advantages over Hall sensor based control, typically 
works only at higher motor speeds where the induced signals are robust enough for reliable 
control feedback. 

[0005] Such disadvantages represent particularly significant challenges in certain motor 
applications. For example, brushless dc motors provide an economical and reliable means for 
driving the various printing subassemblies used in a variety of print systems, such as laser 
printers, photocopiers, etc. However, relatively precise motor rotation control is required in such 
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systems to maintain acceptable printing quality over a potentially wide range of printing process 
speeds. 

SUMMARY 

[0006] The present invention comprises a method and apparatus for time-based 
commutation of brushless motors. In an exemplary embodiment, the phase windings of a 
brushless dc motor are commutated according to commutation state table entries in a stored 
commutation table. With this time-based commutation method, the motor windings are 
energized in a commutating sequence defined by the table entries, and the motor speed is a 
function of the selection rate used to sequentially step through the commutation table. Time- 
based commutation thus provides essentially arbitrary motor speed control range and 
resolution, and provides precise rotational movement control without need for expensive or 
complex motor feedback arrangements. 

[0007] One or more embodiments of the present invention apply that advantageous speed 
and rotational control to image forming apparatus operations. An exemplary method of motor 
control in an image forming apparatus comprises driving an image forming subassembly of the 
image forming apparatus with a brushless dc motor, and controlling the motor based on open- 
loop commutation comprising commutating the motor by energizing its windings according to a 
stored commutation table whose table entries define sequential commutation states for the 
windings, and controlling motor speed by setting a selection rate for sequentially selecting the 
table entries. 

[0008] Thus, an exemplary image forming apparatus comprises an image forming 
subassembly used in an image forming process of the apparatus, a brushless dc motor 
configured to drive the subassembly, and a motor control circuit configured to commutate the 
motor under open-loop control based on energizing its windings according to a stored 
commutation table whose table entries define sequential commutation states for the windings. 
The exemplary motor control circuit is configured to control motor speed by setting a selection 
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rate, fixed or variable, for sequentially selecting table entries, and may be implemented in 
hardware, software, or some combination thereof. 

[0009] As such, the motor control circuit may be implemented in whole or in part with other 
control/processing circuits within the image forming apparatus, and can operate according to 
image forming process requirements. Complementing this application, the motor control circuit 
may be configured to provide both open-loop control of the motor based on the commutation 
table and closed-loop control of the motor based on a motor feedback signal. For example, it 
may use closed-loop control for a first range of printing process speeds, and may use open-loop 
control for a second range of process speeds. Further, the motor control circuit may implement 
a jog mode of open-loop motor control for precisely jogging the motor a desired rotational 
amount at certain times during operation of the image forming apparatus, such as to relieve 
windup or binding in the drive apparatus of the subassembly. 

[0010] More broadly, the present invention essentially can be applied to any motor control 
application. In this context, the present invention comprises a method of controlling a brushless 
dc motor comprising commutating the motor under open-loop control based on energizing its 
windings according to a stored commutation table whose table entries define sequential 
commutation states for the windings, and controlling motor speed by setting a selection rate for 
sequentially selecting table entries. Motor speed may be defined according to a desired velocity 
profile embodied in a table or by a speed control algorithm, such as a defined speed control 
function. As such, the method may employ a varying table entry selection rate to ramp motor 
speed up or down as desired. 

[001 1] An exemplary motor control circuit for controlling a brushless dc motor according to 
the present invention thus comprises a logic circuit configured to obtain sequential commutation 
states for the motor from a stored commutation table whose table entries define sequential 
commutation states for the windings of the motor, and an output circuit configured to output 
commutation signals for commutating motor according to the sequential commutation states. 



4 



Lexmark Reference No.: 2003-0828.02 
Coats & Bennett Reference No.: 4670-268 

The exemplary logic circuit, which may be embodied in software, hardware, or some 
combination thereof, is configured to control motor speed by setting a selection rate for 
sequentially selecting table entries. The circuit may include or be associated with memory for 
storing the commutation table, or may receive the commutation table as input data from another 
processing circuit. 

[001 2] Details for the above exemplary aspects and features of the present invention 
appear in the following discussion and in the accompanying drawings. Of course, the present 
invention is not limited to such details and those skilled in the art will recognize additional 
features and advantages based on the information provided herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0013] Fig. 1 is a diagram of an exemplary motor control circuit according to one or more 
embodiments of the present invention. 

Fig. 2 is a diagram of an exemplary three-phase motor and its associated drive and 
sensing electronics. 

Fig. 3 is a diagram of an exemplary stored commutation table that may be used to carry 
out time-based commutation of the three-phase motor illustrated in Fig. 2. 

Fig. 4 is a diagram of exemplary processing logic for time-based motor commutation 
according to one or more embodiments of the present invention. 

Fig. 5 is a diagram of exemplary processing logic for motor speed control according to a 
desired velocity profile in the context of time-based commutation. 

Fig. 6 is a diagram of an exemplary image forming apparatus, including a printing 
subassembly driven by a motor control circuit configured according to the present invention. 

Fig. 7 is a diagram of exemplary processing logic for motor start control. 

Fig. 8 is a diagram of exemplary processing logic for transitioning between closed-loop 
and open-loop motor control as a function of motor speed. 
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Fig. 9 is a diagram of exemplary processing logic for jog mode motor control based on 
time-based commutation. 

DETAILED DESCRIPTION 
[0014] At the outset of this description, it should be understood that the open-loop motor 
control method detailed herein is explained at various points in the context of an image forming 
apparatus. While the precise positional control and wide ranging speed control provided by the 
present invention may be particularly beneficial in such contexts, it should be understood by 
those skilled in the motor arts that the present invention is in no way limited to such applications. 
Indeed, the present invention will find application essentially anywhere accurate, low-cost 
brushless motor control is desired. 

[0015] With this broad applicability in mind, Fig. 1 illustrates an exemplary motor control 
circuit 10 that comprises a logic circuit 12, an output circuit 14, and, optionally, an input circuit 
16. Motor control circuit 10 further includes or is associated with a memory 20, which may be 
essentially any type of memory device, and which includes stored data embodying a time-based 
commutation table. The output circuit 14 may include the actual commutating circuits (e.g., 
transistor switches) used to commutate the motor windings, or may comprise, for example, logic 
level signals provided as inputs to such driving circuits. 

[0016] In operation, motor control circuit 10 uses the commutation state information 
contained in the commutation table entries to generate commutation signals for motor 22, e.g., a 
brushless dc motor, that is configured to drive a load 24. As will be explained later herein, 
motor control circuit 10 may receive some form of feedback from motor 22 via its optional input 
circuit 16. However, in an exemplary open-loop control mode of operation, motor control circuit 
10 performs time-based commutation of motor 22 based on sequentially selecting table entries 
from the time-based commutation table and generating corresponding motor winding 
commutation signals. In that mode, motor control circuit 10 controls motor speed based on the 
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rate at which those entries are selected, which establishes the commutation dwell time for the 
motor windings, rather than based on receiving motor position feedback. 
[0017] As is explained elsewhere herein, the motor control circuit 10 may be configured for 
different operating modes, such as a first mode wherein it controls the motor based on open- 
loop (time-based) commutation as just described, and a second mode wherein it controls the 
motor based on closed-loop commutation responsive to one or motor feedback signals. 
Moreover, motor control circuit 10 may be configured for transitional operation wherein it 
changes from one mode to the other, such as part of motor startup control, or as part of 
operating the motor over different speed ranges. 

[0018] For now, however, it may be helpful to provide a better understanding open-loop 
control using time-based commutation. To that end, Fig. 2 illustrates an exemplary three phase 
embodiment of motor 22. (Those skilled in the art will appreciate that the present application 
may be applied to motor control involving a lesser or greater number of winding phases.) In any 
case, motor 22 is depicted in an exemplary "Wye" configuration wherein its motor windings 26 
are arranged as phase 1 (0,), phase 2 (0 2 ), and phase 3 (0 3 ). Motor 22 further includes a 
number of sensors 28, which may be Hall effect sensors that are positioned within the motor 
assembly to sense the proximity of the motor's permanent magnets as a means of detecting 
rotor position. Note that sensors 28 may comprise additional or alternative sensors, such as 
copper traces on a printed circuit board within the motor assembly that provide an induced 
voltage signal feedback to motor control circuit 10 responsive to the time-varying magnetic fields 
arising from motor rotation, e.g., voltage signals generated by the motor's permanent magnets 
passing over the copper traces during motor rotation. 

[0019] Each winding phase is associated with a driver circuit 30 comprising push-pull 
transistors Qi and Q 2 , and each driver circuit 30 may include a circuit 32 for detecting winding 
current and/or voltage and, optionally, limiting winding current. These driver circuits 30 may be 
associated with or included in motor control circuit 10, for example as part of its output circuit 
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14. Regardless, motor control circuit 10 generates the commutating signals for driving circuits 

30 such that the Qi and Q 2 transistors in each drive circuit 30 are turned on and off as needed 

to achieve the desired commutating sequence. Also note that as explained later herein, motor 

control circuit 10 may generate the commutating signals using Pulse Width Modulation (PWM) 

to achieve an average voltage winding that is lower than the bulk supply voltage, V SU pp. In 

support of PWM operation, it should be understood that motor control circuit 10 includes or is 

associated with the appropriate timer/counters for PWM signal generation. Such PWM signal 

generation circuitry may be hardware and/or software based, and in an exemplary embodiment, 

motor control circuit 10 comprises, or is associated with, a microprocessor, ASIC, FPGA, or 

other processing circuit. 

[0020] Fig. 3 illustrates an exemplary stored commutation table for the three-phase 
embodiment of motor 22 as depicted in Fig. 2, which shows the optional use of PWM-based 
commutation signals. As illustrated, the commutation table entries (rows) define the 
commutation state signals to be used for energizing the motor windings. The rows are divided 
into two subsets of sequential states: one set for counter clockwise motor rotation, and the other 
for clockwise motor rotation. Further, it may be noted that the table entries in each subset are 
each associated with a motor position state that may be obtained from Hall sensor or other 
motor position feedback. While this position state information generally is not used to control 
time-based commutation, it may be used to identify the appropriate starting entry to begin time- 
based commutation. 

[0021] For example, motor control circuit 1 0 may evaluate sensor feedback signals from 
sensors 28 and determine that the phase 1 sensor 28 is high, the phase 2 sensor 28 is low, and 
the phase 3 sensor 28 is high. According to the illustrated table, that sensor state feedback 
corresponds to table entry 4 for a counter clockwise (CCW) motor direction and to table entry 1 
for a clockwise (CW) motor direction. 
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[0022] Thus, if it is desired to begin time-based commutation of motor 22 in the counter 
clockwise direction, motor control circuit 10 would begin motor commutation using the 
commutation state information for table entry 4 in the subsection of the commutation table 
defined for counter clockwise rotation. That is, motor control circuit 10 would configure its 
output commutation signals such that Q, for phase 1 is turned off, Q 2 for phase 1 is turned on 
according to a desired PWM value, Q^ for phase 2 is turned on (i.e., hard on to the bulk supply, 
Vsupp), and the remaining Q^s and Q 2 s for phase 2 and phase 3 are turned off. With that on/off 
transistor state, current flows through the motor 22 from the bulk supply into the phase 2 
winding, and out through the phase 1 winding. 

[0023] Because the current flowing out through the phase 1 winding is sunk by Q 2 of the 
corresponding drive circuit 30, the PWM value applied to Q 2 's gate determines the average 
voltage across the motor's windings. As is detailed later herein, the average motor winding 
voltage optionally may be controlled to reduce motor power while still ensuring sufficient torque 
margin to avoid motor slippage while operating in the time-based commutation mode. Of 
course, the PWM drive could be applied to the high-side transistors (the Qt transistors) rather 
than the low-side transistors (the Q 2 transistors) if desired, or PWM drive could be omitted 
altogether for application of the full bulk supply voltage across the windings, possibly with 
current limiting (e.g., via circuits 32). 

[0024] In any case, continuing with the time-based commutating sequence, motor control 
circuit 10 sequentially selects the subsequent table entries, i.e., entry 5 and entry 6, and 
continues the sequence by rolling back around to entry 1 , 2, and so on at a sequence selection 
rate that is set for the desired motor speed. Thus, the sequencing logic of the motor control 
circuit 10 may be configured, for example, as a simple modulo-N counter, where N equals the 
total number of table entries in the commutation sequence. 

[0025] The selection rate may be varied in very precise time increments by the motor 
control circuit 10 using, for example, a hardware or software based timer/counter for essentially 
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arbitrary speed control resolution. Further, motor control circuit 10 may be configured to use a 
variable table entry selection rate corresponding to a desired motor velocity profile. 
[0026] Figs. 4 and 5 present exemplary processing logic complementing the above time- 
based commutation operations. For example, Fig. 4 broadly illustrates processing logic for 
beginning and carrying on time-based commutation. Processing begins with determining the 
appropriate starting table entry (Step 100). As described above, the starting table entry may be 
selected by identifying the table entry corresponding to the motor's rotor position, which may be 
indicated by positional feedback signals from the motor 22. Note that the starting entry is 
selected from the table subset corresponding to the desired direction of motor rotation (Step 
100). Processing continues with the motor control circuit 10 generating the commutation signals 
to energize the motor windings in accordance with the selected table entry (Step 102). With the 
motor's windings thus energized, progression to the next commutation state is then delayed 
according to a desired entry selection rate (Step 104). As indicated before, the rate at which 
table entries are sequentially selected determines the rate at which the corresponding 
commutation signal states are sequenced, which thereby controls the motor speed. 
[0027] If continued operation in time-based commutation mode is desired (Step 106), 
processing continues with motor control circuit 10 selecting the next table entry (Step 108) and 
repeating the prior processing steps according to that entry's commutation state information. 
Successive table entries are selected in this fashion for as long as time-based commutation 
operation is desired, and during such continued operation the selection sequence wraps-around 
from the last to the first entry. 

[0028] Fig. 5 illustrates exemplary motor speed control processing in the context of Fig. 4, 
wherein for Step 104 the motor control circuit 10 imposes a delay according to a current 
selection delay value (Step 110), wherein it holds the current commutation state of motor 22 
before advancing to the next table entry. As part of this processing, motor control circuit 10 may 
maintain the same delay to be used for the next commutation state, i.e., it may use a fixed 
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selection delay for each sequence step, or it may update the current selection delay value 
based on a desired velocity profile (Step 112). That is, motor control circuit 10 may store or 
otherwise have access to one or more velocity profile tables or speed control functions that it 
uses to generate a variable selection delay such that the motor speed can be ramped up or 
down as needed or desired. 

[0029] Such speed control may be particularly beneficial in certain motor control contexts. 
For example, Fig. 6 illustrates an image forming apparatus 40 comprising a printer control circuit 
42, an image forming subassembly 44, and a power supply 46. Image forming apparatus 40 
further comprises an exemplary embodiment of the aforementioned motor control circuit 10, 
associated drive circuits 30, and brushless motor 22. Here, motor control circuit 10 may be 
advantageously configured for PWM-based control of motor 22 as mentioned earlier herein. To 
that end, motor control circuit 10 may be implemented as part of one or more other processing 
circuits comprising printer control circuit 42, e.g., as part of a printer microprocessor or 
programmable logic-based control circuit that includes timers, counters, or other elements for 
generating precisely timed control signals. 

[0030] In any case, the essentially arbitrary speed control range and the precise rotational 
movement control for motor 22 that is afforded by time-based commutation may be put to 
particularly advantageous use within image forming apparatus 40, and particularly where the 
driven printer subassembly 44 comprises part of the image forming system within image forming 
apparatus 40. For example, printer subassembly 44 may comprise a process cartridge that 
includes a developer roller and a photoconductive drum or other image-forming member, 
wherein the motor 22 is used to drive a gear set or other drive train arrangement for rotating 
those members. 

[0031] In an exemplary embodiment in the context of image forming apparatus 40, the 
motor control circuit 10 is configured to selectively operate in an open-loop control mode 
wherein it uses time-based commutation to control motor 22, or in a closed-loop control mode 
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wherein it uses motor feedback (e.g., EMF or Hall sensor feedback) to control motor 22. For 
example, motor-induced voltage feedback signals may be sufficiently robust for accurate 
closed-loop control above a certain motor speed range, while time-based commutation may be 
preferred for lower ranges of motor speeds where those signals are less robust or even 
nonexistent. 

[0032] Fig. 7 illustrates exemplary processing logic for carrying out selected open and 
closed-loop control operation. Processing begins with a determination of the required process 
speed (i.e. a determination of the required motor speed range) (Step 140). If the motor speed is 
below a threshold at which the positional feedback is considered robust enough for reliable 
speed control, motor control circuit 10 uses open-loop motor control (Step 144). However, if the 
motor speed is above the threshold, motor control circuit 10 uses closed-loop motor control 
based on the positional feedback (Step 146). 

[0033] Motor control circuit 1 0 also may be configured to implement a "jog" mode of motor 
control that may be particularly advantageous in the operation of image forming apparatus 40. 
Fig. 8 illustrates exemplary processing logic to implement jog control of motor 22, wherein motor 
control circuit 10 jogs motor 22 by a typically small and precise rotational amount at one or more 
desired times during operation of image forming apparatus 40. In particular, motor control 
circuit 10 is configured to jog motor 22 based on determining the number of table entries 
corresponding to the desired amount of motor rotation (Step 150). Motor control circuit 20 may 
be programmed with or may be provided with information indicating the number of mechanical 
degrees of rotation that are associated with each stepwise progression through the 
commutation table. Thus, motor control circuit 10 is configured to determine the number of 
table entries it must step through to achieve the desired angular rotation of motor 22. 
[0034] With determination of the correct number of table entries to be sequenced through, 
motor control logic 10 sequentially steps through that number of commutation states at a 
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desired jog rate (Step 152). As before, the jog rate can be a fixed selection rate or can be a 
variable selection rate determined according to a desired jog rate profile. 
[0035] Fig. 9 illustrates additional exemplary processing logic that can be implemented in 
motor control circuit 10 for exemplary starting control of motor 22. Motor control circuit 10 can 
be configured to start motor 22 by initially using a relatively long delay for the table entry 
selection rate and then successively shortening that delay as the motor speed increases until a 
delay equal to the desired selection rate is achieved, which corresponds to the desired motor 
speed. That ramping function may be implemented as a second-order ramping control function 
to minimize motor power expended during acceleration of motor 22. 
[0036] Further, motor control circuit 10 can be configured to use positional feedback for 
motor 22 to determine the correct starting entry in its time-based commutation table as 
described before, thereby eliminating control steps that otherwise would be required to 
electrically/mechanically "home" motor 22. Further, it should be noted that motor control circuit 
10 may be configured to adjust the PWM values of its commutation signals during ramping to 
further reduce power expended in motor 22. Note that as indicated earlier herein, motor control 
circuit 10 may set the PWM values such that an adequate torque margin is maintained for the 
motor at all times to prevent motor slippage, which would break the electrical/mechanical 
alignment that is assumed during time-based commutation. 

[0037] Motor control circuit 1 0 also can be configured to implement another exemplary 
method for ramping motor 22, wherein it uses closed-loop commutation during initial ramping 
and then transitions into open-loop commutation, i.e., time-based commutation. 
Complementing this exemplary approach, the motor control circuit 10 may be configured to 
monitor the PWM values needed during closed-loop motor control to drive motor 22 for the 
specific load being driven. That is, the PWM values are driven under closed-loop control to the 
value needed to maintain the desired motor speed for the actual motor load being driven. 
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[0038] Those PWM values then serve as a "reference" for the motor control circuit's PWM 
settings to be used during open-loop commutation. For example, since motor slippage during 
time-based commutation potentially would lead to undetected loss of commutating 
synchronization, motor control circuit 10 may apply a desired torque margin multiplier to the 
PWM values observed for closed-loop control and then use the increased PWM values for 
open-loop commutation of motor 22. By way of non-limiting example, suitable torque margin 
values range from about 1 .2 to about 1 .7, corresponding to torque margins ranging from 20 
percent to 70 percent. Regardless of the particular torque margin used, motor control circuit 10 
in general can use closed-loop control to determine the nominal motor winding voltages needed 
for closed-loop speed control. It can then use somewhat higher average winding voltages (i.e., 
higher PWM control values) during open-loop time-based commutation to ensure that motor 
slippage does not occur as a result of load variations during open-loop commutation of motor 
22. 

[0039] Turning to the specifics of Fig. 9, that processing logic illustrates a state machine that 
may be implemented within motor control circuit 10. The illustrated logic provides for initial 
ramp up under closed loop control, followed by a controlled transition to open-loop control. 
[0040] Motor control circuit 1 0 operates in an "idle" state (S1 ) whenever time-based 
commutation is disabled (Step 120). Once time-based commutation is enabled, motor control 
circuit 10 transitions to state S2 (Step 122), wherein it initializes its commutation logic, i.e., its 
commutation table selection and drive signal logic according to the positional feedback from 
motor 22, and initializes a commutating timer with a value corresponding to the desired 
selection rate to be used for the commutation table. 

[0041] Motor control circuit 1 0 then determines whether it should transition to state S3 
where closed-loop control is enabled (Step 124), or whether it should transition to state S5 (Step 
128) wherein it energizes the motor windings according to the currently selected table entry and 
waits for expiration of the commutation timer. If closed-loop control is on (Step 124), motor 
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control circuit 10 transitions from state S3 to state S4 wherein it waits for a transition from the 
appropriate positional feedback sensor (Step 126). 

[0042] When that signal transition is detected, motor control circuit 10 transitions from state 
S4 to state S5 wherein it energizes the motor control windings according to the current 
commutation state and again waits for the expiration of the commutation timer. Once the timer 
expires, motor control circuit 10 transitions from state S5 to state S6 wherein it energizes the 
motor windings according to the next commutation state as indicated by the next table entry, 
and resets the commutation timer (Step 130), and transitions back to state S5 where it again 
waits for timer expiration. 

[0043] As is evident by the above exemplary details, the motor control circuit 10 offers 
precise and wide ranging motor speed control using time-based commutation, wherein the 
commutation state signals for exciting the windings of motor 22 are obtained by sequentially 
selecting entries from a stored commutation table at a rate corresponding to the desired motor 
speed. Further, this method of open-loop motor control, permits motor control circuit 10 to effect 
very precise jog movements of motor 22, wherein it jogs the motor a controlled angular distance 
by stepping through a number of entries in the commutation table corresponding to the desired 
amount of angular rotation. Further, motor control circuit 10 can be configured to implement 
both closed-loop motor control based on positional motor feedback, at times when open-loop 
control is not desired or as a means of more reliably transitioning into such open-loop control 
operation. 

[0044] These and other features are particularly advantageous in applications where 
accurate and wide ranging speed control is desirable, and where precise motor jog movements 
may be used to, for example, relieve drive gear bindings in a process cartridge subassembly. 
However, those skilled in the art will appreciate that the present invention is not limited to such 
applications. Indeed the present invention is not limited by any of the foregoing details, but 
rather is limited only by the following claims and their reasonable equivalence. 
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